Background: STIM1 activates store-operated Ca 2ϩ entry (SOCE). The transcriptional regulation of STIM1 during sepsis is not known. Results: STIM1 expression occurs downstream of TLR4 via activation of NF-B and p38␣-mediated c-Fos expression in endothelial cells. Conclusion: Cooperative signaling of NF-B and p38 MAPK downstream of TLR4 is essential for STIM1 expression during sepsis. Significance: Selective p38␣ inhibitors may represent a potential therapeutic strategy to prevent sepsis-mediated lung vascular leaks. NF-B (p65/RelA) and AP1 (c-Fos/c-Jun) to the STIM1 promoter. Interestingly, silencing of c-Fos, but not c-Jun, markedly reduced LPS-induced STIM1 expression in ECs. We also observed that silencing of p38␣ prevented c-Fos expression in response to LPS in ECs, suggesting that p38␣ signaling mediates the expression of c-Fos. These results support the proposal that cooperative signaling of both NF-B and AP1 (via p38␣) amplifies STIM1 expression in ECs and, thereby, contributes to the lung vascular hyperpermeability response during sepsis. . 2 The abbreviations used are: EC, endothelial cell; SOC, store-operated Ca 2ϩ channel; TRPC, transient receptor potential canonical; SOCE, store-operated Ca 2ϩ entry; ER, endoplasmic reticulum; HLMVEC, human lung microvascular endothelial cell; Sc-siRNA, scrambled siRNA; pAb, polyclonal antibody; MLEC, mouse lung endothelial cell; TER, transendothelial electrical resistance; EBA, Evans blue dye conjugated with albumin; TG, thapsigargin; Dil-Ac, 1,1Ј-dioctadecyl-3,3,3Ј-tetramethylindocarbocyanine perchlorate-labeled acetylated low-density lipoprotein.
The lung endothelium is interfaced strategically between the blood and airspace to tightly regulate the exchange of fluid from the circulation to the underlying tissue. Endothelial barrier dysfunction results in uncontrolled fluid extravasation and lung edema (1) . In septic patients and in rodent models of sepsis, the lungs are generally the first organ to fail (2) because of rapid loss of endothelial barrier function (1) . Sepsis, a systemic inflammatory response to bacterial infection, results in high mortality in hospitalized patients (1) (2) (3) (4) (5) . The basis of the severe lung injury that often occurs in the setting of sepsis remains a mystery. In this study, we considered the possibility that excess intracellular Ca 2ϩ in endothelial cells is involved in severe septic lung injury and, therefore, set out to investigate whether key components of the calcium entry system in endothelial cells become up-regulated during sepsis, resulting in calcium overload.
We have shown previously that Ca 2ϩ overload in endothelial cells (ECs) 2 results in markedly increased endothelial permeability (6 -10) . Bacterial endotoxin (LPS) can directly induce Ca 2ϩ overload in ECs to cause endothelial barrier dysfunction and vascular injury (11, 12) . Bacterial cell wall component LPS ligates TLR4 to induce the expression of cytokines, chemokines, adhesion molecules, apoptotic factors, and several other mediators through NF-B and p38 MAPK activation (13) (14) (15) . Experimental animal model studies have demonstrated that inhibition of NF-B activation suppresses inflammatory responses (16, 17) . This transcription factor may also be involved in signaling increased Ca 2ϩ entry in ECs (9, 18) . The role of TLR4 signaling in the endothelium during sepsis has been investigated using mice that express TLR4 exclusively in ECs (19) . The results of this study showed that endothelial TLR4 signaling is sufficient to detect and clear intraperitoneal Escherichia coli infection. Further, studies using a mouse model in which a degradation-resistant form of IB␣, the inhibitor of NF-B, is selectively expressed in ECs showed protection against LPS-or E. coli-induced lung injury (20) . These findings suggest that TLR4 signaling in ECs is critical to the inflammatory responses.
Inflammatory mediators generated and released during sepsis, such as thrombin and oxidants, are also known to activate Ca 2ϩ entry through store-operated Ca 2ϩ channels (SOCs) in ECs (6) . We have reported previously that transient receptor potential canonical (TRPC) 1 and 4 channels function as SOCs in ECs (6 -10, 21) . Other studies have shown that current (I CRAC ) through the Ca 2ϩ selective channel Orai1 also contributes to SOCE in ECs (22, 23) . Importantly, studies have elucidated the mechanism of the endoplasmic reticulum (ER)-localized Ca 2ϩ sensor protein STIM1 in activating SOCE through TRPC and Orai1 channels (24, 25) . Agonist-induced ER store Ca 2ϩ depletion causes clustering of STIM1 at the ER/plasma membrane interface, which, in turn, binds to and activates SOCs in the plasma membrane (24, 25) . Furthermore, studies have shown that reactive oxygen species can induce STIM1mediated Ca 2ϩ entry through Orai1 channels in ECs by activating STIM1 proteins via S-glutathionylation of the N-terminal cysteine residue in the STIM1 protein (26) . We have shown that thrombin-induced endothelial barrier disruption in lung ECs is mediated by STIM1 activation of SOCE (10, 21) . In the in vivo setting, an LPS-induced lung vascular permeability increase was abrogated in EC-restricted STIM1 knockout (Stim1 ECϪ/Ϫ ) mice (27) . Therefore, in this study, we hypothesized that increased STIM1 expression during sepsis signals abnormally high intracellular Ca 2ϩ in ECs, resulting in loss of endothelial barrier function and a rise in vascular permeability. This hypothesis predicts that TLR4 signaling in ECs activates STIM1 transcription and, thereby, contributes to lung vascular hyperpermeability.
A large body of evidence suggests that the blood coagulation system, which is known to modulate the inflammatory response of the endothelium (5, 28 -31) , is dysregulated during sepsis. Thrombin, the agonist for the protease-activated receptor 1 (PAR-1), is generated in excessive quantities at the site of infection during sepsis (28, 30, 32) . Activation of PAR-1 expressed on the endothelial cell surface promotes Ca 2ϩ entry, vascular inflammation, and injury (7, 9, 33, 34) . Recent studies using mouse models have shown that blocking PAR-1 activation in the early stages of sepsis improves vascular barrier function (35) . We showed that thrombin activation of PAR-1 on ECs increases vascular permeability through SOCE (6 -10). Therefore, in this study, we utilized both in vitro and in vivo approaches to test whether LPS-induced STIM1 expression in ECs is indeed responsible for the hyperpermeability response observed in sepsis. We observed that LPS induced STIM1 transcription in ECs via the transcription factors NF-B and AP1. LPS also increased the expression of the SOC components TRPC1, TRPC4, and Orai1 in ECs. The increased expression of STIM1 and SOC components was associated with augmented PAR-1-mediated SOCE and elevated vascular permeability.
EXPERIMENTAL PROCEDURES
Materials-Human lung microvessel endothelial cells (HLMVECs) and endothelial growth medium 2 were from Lonza Walkersville, Inc. (Walkersville, MD). FBS was from Hyclone (Logan, UT). Hanks' balanced salt solution, L-glutamine, trypsin, TRIzol reagent, TaqDNA polymerase, and Fura-2/AM were from Invitrogen. Human ␣-thrombin was obtained from Enzyme Research Laboratories (South Bend, IN). LPS (ultrapure E. coli 0111:B4) was obtained from InvivoGen (San Diego, CA). Actinomycin D, thapsigargin, SB203580, PD98059, SP600125, and 6-amino-4-(4-phenoxyphenylamino)quinzoline (an NF-B inhibitor) were from Calbiochem (La Jolla, CA). Quantitative PCR primers were custom-synthesized by IDT (Coralville, IA). Human (h)-specific siRNA to target STIM1, p65/RelA, p38␣, p38␤, c-Fos, and scrambled siRNA (Sc-siRNA) were obtained from Dharmacon (Lafayette, CO). Anti-STIM1 mAb was purchased from BD Transduction Laboratories. Anti-STIM1 pAb was from Proteintech Group (Chicago, IL). Antibodies specifically reacting with TRPC1, Orai1, and siRNAs specific to p38␥, p50/NF-B1, c-Jun, and siRNA transfection reagent were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-p65/RelA pAb was purchased from Millipore Corp. (Billerica, MA). Anti-p38␣ pAb, anti-p38␤ mAb, anti-p38␥ pAb, c-Fos pAb, anti-c-Jun pAb, anti-phospho-ERK1/2 pAb, anti-ERK1/2 pAb, anti-phospho-JNK mAb, and anti-JNK mAb were from Cell Signaling Technology (Danvers, MA). Anti-␤-actin mAb was from Sigma. Phospho (Thr-325)c-Fos pAb was from Abcam (Cambridge, MA). Anti-TRPC4 pAb was purchased from Everest Biotech Ltd. (Ramona, CA). PAR-1-activating peptide (TFLLRNPNDK-NH 2 ) was customsynthesized by GenScript (Piscataway, NJ). Fast SYBR Green master mix was purchased from Applied Biosystems (Grand Island, NY).
Cell Culture-HLMVECs grown in endothelial growth medium 2 microvascular supplemented with 10% FBS were used between passages 2 and 4. Lung endothelial cells from C57BL6J mice were isolated and cultured as we described previously (7) . Cells between passages 3 and 4 were used for experiments. Mouse lung endothelial cells (MLECs) were characterized by their cobblestone morphology, PECAM-1 (platelet/ endothelial cell adhesion molecule 1 or CD31) expression, and Dil-Ac-LDL uptake (7) . To study the LPS effect, ECs were incubated with 1% FBS-containing medium overnight at 37°C and then exposed to LPS in 1% FBS-containing medium.
Quantitative Real-time-PCR-HLMVECs were incubated with either vehicle (dimethyl sulfoxide) or actinomycin D (1 M) for 1 h, SB203580 (10 M) for 30 min, or NF-B inhibitor (5 M) for 12 h and then exposed to LPS (1 g/ml) for the indicated times. Total RNA, extracted according to the recommendations of the manufacturer with an RNeasy kit (Qiagen, CA) was used to generate first-strand complementary DNA by reverse transcriptase (Invitrogen). cDNA (10 ng) mixed with SYBR Green PCR master mix was used for real-time quantitative PCR. STIM1 mRNA was normalized to ␤-actin mRNA. Human STIM1 and ␤-actin were amplified using the following primer sets: STIM1, 5Ј-ACCAGCATGAAGTCCTTGAG-3Ј (sense) and 5Ј-TGAAGATGACAGACCGGAGT-3Ј (antisense); ␤-actin, 5Ј TTGCTGACAGGATGCAGAAGGAGA-3Ј (sense) and 5ЈACTCCTGCTTGCTGATCCACATCT-3Ј (antisense).
Immunoblotting-Endothelial cell lysates or total lung tissue homogenates from C57BL6J mice were resolved by SDS-polyacrylamide gel electrophoresis on a 10% separating gel under reducing conditions and transferred to a Duralose membrane. Membranes were blocked with 5% dry milk in TBST (10 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.05% Tween 20) for 1 h at 22°C. Membranes were then incubated with the indicated primary antibody (diluted in blocking buffer) overnight. After three washes, membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody. Protein bands were detected by enhanced chemiluminescence.
Cytosolic Ca 2ϩ Measurement-The cytoplasmic Ca 2ϩ concentration ([Ca 2ϩ ] i ) in ECs was measured using the Ca 2ϩ -sensitive fluorescent dye Fura-2/AM (10, 21) . Cells were grown to confluence on gelatin-coated glass coverslips and then washed two times and incubated for 12 h at 37°C in medium containing 1% FBS. Cells exposed to LPS for the indicated time intervals were washed and loaded with 3 M Fura-2/AM for 30 min. After loading, cells were washed with Hanks' balanced salt solution, and the coverslips were transferred to a perfusion chamber at 37°C and imaged using a semimotorized microscope (Axio Observer D1, Carl Zeiss GmbH, Jena, Germany) equipped with an AxioCam HSm camera (Carl Zeiss) and a Fluar ϫ40 oil immersion objective. Light was provided by a DG-4 wavelength switcher (Princeton Scientific Instruments, Monmouth Junction, NJ). Dual excitation at 340 and 380 nm was used, and emission was collected at 520 nm. The Axio-Vision physiology software module was used to acquire the images at 1-s intervals, and the data were analyzed offline. In each experiment, 20 -30 cells were selected to measure the change in ([Ca 2ϩ ] i ).
siRNA Transfection-ECs grown to ϳ70% confluence on gelatin-coated culture dishes were transfected with target siRNA or sc-siRNA as described previously (10) . 72 h after transfection, cells were challenged with LPS (1 g/ml) and then used for Ca 2ϩ measurements or harvested for Western blot analysis.
Transendothelial Electrical Resistance Measurement-The real-time change in transendothelial monolayer electrical resistance (TER) was measured as described by us (36) . The confluent endothelial monolayer was incubated with 1% FBScontaining medium overnight and challenged with LPS. Four hours after LPS exposure, the thrombin-induced real-time change in TER was measured. Data are presented as resistance normalized to its value at time 0 (36) .
Mouse Lung Capillary Filtration Coefficient Measurement-C57BL6J mice obtained from Charles River Laboratories (Wilmington, MA) were housed in the University of Illinois Animal Care Facility and used according to approved animal protocols. Pulmonary capillary filtration coefficient (K f,c ) was measured to determine the microvascular permeability to liquid, as described previously (7, 34) . To test the effects of LPS, the mice were given a dose of LPS (5 mg/kg intraperitoneally), and, at 4 h after the LPS challenge, the isolated lungs were used for K f,c measurements (7, 34) . In experiments testing the effects of PAR-1 agonist peptide alone on K f,c , PAR-1 agonist peptide (30 M) containing perfusion buffer was infused via a side port at a rate of 0.2 ml/min. K f,c measurements were made at baseline and after a 20-min exposure to PAR-1 agonist peptide. The values are expressed as the ratio of experimental to basal K f,c values in the same lung preparation. To study the in vivo relevance of p38 MAPK inhibition, mice were anesthetized with ketamine/xylazine (100/5 mg kg intraperitoneally), and then SB203580 (1.0 mg/kg) or vehicle (dimethyl sulfoxide) was injected through the retro-orbital vein 60 min prior to LPS (5 mg/kg intraperitoneally) injection. K f,c was then evaluated in isolated lung preparations as described.
Assessment of Mouse Lung Microvessel Permeability in Vivo-C57BL6J mice were anesthetized (2.5% sevoflurane in room air) for insertion of an indwelling jugular catheter and were then allowed to recover for 30 min. Next, mice were injected with LPS (5 mg/kg intraperitoneally) or saline. 195 min after LPS or saline administration, mice received either saline (100 l) or a 100-l bolus of PAR-1-activating peptide (1 mg/kg) through the jugular vein. Four hours later, the mice were sacrificed, and the lungs were harvested. Thirty minutes before sacrifice, mice received a 100-l bolus of Evans blue dye conjugated with albumin (EBA, 20 mg/kg) through the jugular vein. The EBA present in lung tissue was measured as described previously (10, 20) .
ChIP Assays-ChIP assays were performed as described previously (16) using a ChIP assay kit from Upstate Biotechnology. HLMVECs exposed to LPS (1 g/ml) for the indicated time periods were used for ChIP. The primers used for quantitative PCR after Chip were as follows: NF-B sites 1-3, 5Ј-GAG GCT AAC GTC GTG TCC TG-3Ј (forward) and 5Ј-AGC TGG ATC CCG GAA TAA CC-3Ј (reverse); AP1 site, 5Ј-GTG TCC TGG GCC TCT GTT TA-3Ј (forward) and 5Ј-GTG AAG ACC TCC CCG GAA TC-3Ј (reverse). DNA-protein interaction was calculated with the following formula: 2 ⌬Ctx Ϫ 2 ⌬Ctb , where ⌬Ctx is the cycling threshold of input DNA minus the cycling threshold of sample DNA, and ⌬Ctb is the cycling threshold of input DNA minus the cycling threshold of control antibodies.
Statistical Analysis-Data were analyzed by unpaired twotailed Student's t test. Difference in mean values were considered significant at p Ն 0.05.
RESULTS

LPS Induces STIM1 Expression and Augments PAR-1-induced SOCE in HLMVECs-
To determine whether LPS activation of TLR4 increases STIM1 expression, we first measured STIM1 mRNA expression in response to LPS in HLMVECs. LPS induced STIM1 transcript expression in HLMVECs, and the expression level was maximal at 4 h ( Fig. 1A) . Pretreatment with the transcriptional inhibitor actinomycin D blocked LPSinduced STIM1 transcript expression ( Fig. 1A ). We also observed increased STIM1 protein expression in response to LPS challenge ( Fig. 1B ). STIM1 protein expression was increased more than 6-fold within 6 h after LPS exposure ( Fig.  1B ). However, another STIM1 homolog, STIM2, localized in the ER, was not increased in response to LPS in HLMVECs ( Fig.  1B ). We and others have shown that STIM1 activates TRPC1 and TRPC4 (SOC channels) and Orai1 (Ca 2ϩ release-activated Ca 2ϩ channel (CRAC)) (10, 21-23) to induce Ca 2ϩ entry in ECs. Increased STIM1 expression alone is not sufficient to activate SOCE, but STIM1 interaction with plasma membranelocalized TRPC or Orai channels is essential to activate SOCE (24, 25) . Therefore, we determined the expression of TRPC1, TRPC4 and Orai1 proteins in HLMVECs in response to LPS challenge. LPS challenge substantially increased the expression of TRPC1, TRPC4, and Orai1 in HLMVECs (Fig. 1B) . These results suggest that TLR4 signaling not only induces STIM1 expression but also induces the expression of SOC channel components in HLMVECs.
To address the functional relevance of increased expression of STIM1, TRPC1, TRPC4, and Orai1 proteins, we measured the thrombin-induced increase in [Ca 2ϩ ] i . LPS pretreatment significantly increased the thrombin-induced increase in [Ca 2ϩ ] i in HLMVECs (Fig. 1C ). Next we measured thrombininduced, ER-stored Ca 2ϩ release and Ca 2ϩ release-activated Ca 2ϩ entry in control and LPS-pretreated HLMVECs. In both control and LPS-primed cells, thrombin-induced ER store Ca 2ϩ release (initial peak) was similar. However, when adding back Ca 2ϩ , Ca 2ϩ entry was more than 2-fold higher in the LPSprimed cells compared with unprimed cells (Fig. 1D ).
To study the basis of augmented SOCE in LPS primed cells, we silenced STIM1 expression by transfecting HLMVECs with siRNA specific to STIM1 and then studied the LPS effect. In STIM1 siRNA-transfected cells, STIM1 protein expression was blocked compared with control siRNA (Sc-siRNA) ( Fig. 1E ). Also, thrombin-induced Ca 2ϩ entry was blocked in STIM1 siRNA-transfected cells with or without LPS pretreatment ( Fig.  1F ), therefore indicating the crucial role of STIM1 in activating SOCE in ECs.
We have shown previously that Ca 2ϩ overload in ECs signals an increase in vascular permeability (6 -10) . To address the functional relevance of LPS priming-mediated SOCE augmentation in response to PAR-1 agonists, we studied the effect of LPS priming on TER, a measure of endothelial monolayer permeability (36) . After 4 h of LPS priming, cells were challenged with PAR-1-activating peptide to assess real-time changes in TER. In control cells (not pretreated with LPS), challenge with PAR-1-activating peptide produced an ϳ55% decrease in TER 
. LPS induces the expression of STIM1 and SOCE channel components in HLMVECs.
A, HLMVECs were treated with LPS (1 g/ml) in the presence and absence of actinomycin D (0.5 M) for 0, 2, 4, and 6 h. After this treatment, total RNA was isolated, and quantitative real-time PCR was performed to determine STIM1 mRNA expression. STIM1 mRNA induction fold was calculated by measuring the ratio of STIM1 to ␤-actin. Results are mean Ϯ S.E. of four experiments. *, p Ͻ 0.01; **, p Ͻ 0.001 compared with cells treated with actinomycin D. B, HLMVECs grown to confluence were exposed to LPS (1 g/ml) for 0, 4, and 6 h. After this treatment, total cell lysates were used for immunoblot (IB) analysis to determine STIM1, STIM2, TRPC1, TRPC4, Orai1, and ␤-actin. Blots were quantified by densitometry, and fold increase over basal relative to ␤-actin is shown. Results are mean of two experiments. C, HLMVECs were exposed to LPS (1 g/ml) for 0 and 4 h, loaded with 3 M E, HLMVECs were transfected with control siRNA (Sc-siRNA) or STIM1-siRNA (100 nM), and, 48 h after transfection, cells were treated with LPS (1 g/ml) for 0 and 4 h. After LPS treatment, cells were used to determine STIM1 protein expression by immunoblot analysis. Data are representative of two experiments. F, HLMVECs transfected with Sc-siRNA or STIM1-siRNA were exposed to LPS as above and used to measure thrombin-induced ER-stored Ca 2ϩ release and Ca 2ϩ release-activated Ca 2ϩ entry. Data are representative of two experiments. G, HLMVECs were grown to confluence on gold electrodes (see details under "Experimental Procedures"). Cells were washed and incubated in 1% FBS medium for 12 h, and then the cells were treated with LPS (1 g/ml) for 4 h or left untreated. After this treatment, the cells were challenged with PAR AUGUST 29, 2014 • VOLUME 289 • NUMBER 35 ( Fig. 1G ), and TER returned to baseline within ϳ2 h (Fig. 1G ). In the LPS-primed cells, the PAR-1 agonist produced an ϳ75% decrease in TER, and there was a prolonged recovery time to the baseline lasting ϳ3 h ( Fig. 1G) , indicating that increased SOCE contributes to the potentiated EC monolayer permeability following LPS priming.
NF-B and p38␣/c-Fos Mediate STIM1 Transcription
LPS Induces STIM1 Expression in Mouse Lung Endothelial Cells-To highlight the relevance of mouse studies to human disease, we studied the effects of LPS on STIM1 protein expression in MLECs. MLECs exposed to LPS for various time periods were used for Western blot analysis to determine STIM1 protein expression. LPS induced STIM1 protein expression in a time-dependent manner ( Fig. 2A ). STIM1 expression was increased ϳ10-fold over basal levels after 6 h of LPS challenge ( Fig. 2A) . To address the functional relevance of LPS-induced STIM1 expression in MLECs, we measured thrombin-induced as well as pharmacologically induced SOCE using thapsigargin (TG) in control and LPS-primed MLECs. Similar to HLMVECs, LPS priming enhanced SOCE in response to thrombin or TG challenge without altering ER store Ca 2ϩ release in MLECs (Fig.  2 , B and C).
LPS Priming in Vivo Potentiates PAR-1-induced Increase in Lung Microvessel Permeability-To validate the in vivo pathophysiologic relevance of increased STIM1 expression in ECs, we injected mice (C57BL6J) with LPS intraperitoneally, and lungs harvested at different time intervals after LPS injection were used for Western blot analysis. We observed substantially increased protein expression for STIM1, TRPC1, TRPC4, and Orai1, but not STIM2, in LPS-treated mice compared with control mice injected with saline ( Fig. 2D ). Furthermore, to address whether the increased expression of STIM1, TRPC1, TRPC4, and Orai1 contributes to lung vascular hyperpermeability, we measured microvessel liquid permeability in isolated intact lung preparations. Here mice received intraperitoneal saline (control injection) or LPS for 4 h, followed by lung isolation for determination of the lung vascular liquid filtration coefficient K f,c , a measure of intact lung vascular permeability (7, 34) . We observed that PAR-1-activating peptide induced an ϳ3-fold increase in lung K f,c when compared with basal conditions (Fig.  2E ). Mice receiving the indicated dose of LPS alone also showed a significant increase in K f,c ( Fig. 2E) . Interestingly, lung prepa-FIGURE 2. LPS induces STIM1 expression and augments lung vascular permeability. A, MLECs grown to confluence were exposed to LPS (1 g/ml) for the indicated time points. Total cell lysates were used for immunoblotting (IB) as described in Fig. 1B . Results are representative of two experiments. Blots were quantified, and the fold increase over basal levels relative to ␤-actin is shown. B, MLECs were pretreated with or without LPS (1 g/ml) for 4 h. After LPS or saline injection, at the indicated time periods, lungs harvested were used for immunoblot analysis to determine STIM1, STIM2, TRPC1, TRPC4, and Orai1. The blots were stripped and reprobed for ␤-actin antibody as a loading control. Results are representative of three experiments. Blots were quantified, and the fold increase over basal levels relative to ␤-actin is shown. E, C57BL/6 mice injected with LPS or saline as above. 4 h after LPS or saline injection, lungs harvested were used for isolated lung preparation to determine lung vascular permeability (see details under "Experimental Procedures"). PAR-1 agonist peptide (pep, 30 M) was included in the perfusion buffer to assess the PAR-1-induced liquid filtration coefficient (K f,c ) (n ϭ 5). *, p Ͻ 0.05; **, p Ͻ 0.001; control group versus PAR-1 peptide, LPS treated group versus LPS ϩ PAR-1 peptide group, or PAR-1 peptide group versus LPS ϩ PAR-1 peptide group. F, C57BL/6 mice either injected with LPS or saline as above were used to measure PAR-1-induced EBA uptake in lungs. Top panel, experimental design. Results are mean Ϯ S.E. of changes in lung EBA uptake (n ϭ 5/group). *, p Ͻ 0.01; control (saline injected) versus PAR-1 peptide treated, control versus LPS treated, or PAR-1 peptide treated versus LPS ϩ PAR-1 peptide-treated. i.p., intraperitoneal; i.v., intravenous.
rations from LPS-treated mice showed an ϳ5-fold increase in K f,c, over basal levels when challenged by PAR-1-activating peptide ( Fig. 2E ). To further support this observation, we determined the PAR-1-induced lung vascular leak in vivo by measuring EBA uptake into the lung in control and LPS-primed mice (20) . The PAR1 agonist caused a 6-fold increase in EBA uptake with LPS priming compared with a 3-fold increase without priming (Fig. 2F) . These in vivo results further support the hypothesis that LPS-induced expression of STIM1 and SOC components in intact lung microvessels may contribute to the hyperpermeability response during sepsis.
LPS Promotes NF-B and p38 MAPK Activation to Induce STIM1 Expression in Endothelial Cells-Next we focused on the signaling pathways activated downstream of TLR4 that mediate STIM1 expression because STIM1 is crucial for activating SOCE in ECs to induce a vascular permeability increase. It is now well known that signaling via both the NF-B and p38 MAPK pathways contributes to the vascular inflammatory responses seen in sepsis (13) (14) (15) (16) . To determine the role of the NF-B and p38 MAPK pathways in mediating LPS-induced STIM1 expression, we inhibited the LPS-induced activation of NF-B and p38 MAPK with specific pharmacological inhibitors. The NF-B inhibitor 6-amino-4-(4-phenoxyphenylamino) quinzoline, used in this study, has been shown previously to prevent LPS-induced TNF-␣ production in murine splenocytes and also reduced carrageenin-induced edema formation in the rat hind paw (37) . We observed that the NF-B inhibitor prevented LPS-induced STIM1 mRNA expression in HLMVECs (Fig. 3A) . We also pretreated HLMVECs with the p38 MAPK inhibitor SB203580, which inhibits both p38␣ and p38␤ isoforms (38, 39) , and observed that SB203580 prevented LPSinduced STIM1 mRNA expression in HLMVECs (Fig. 3A) .
LPS signaling usually triggers the translocation of the NF-B dimer p65/p50 into the nucleus to induce target gene expression (40) . Therefore, to strengthen the role of NF-B signaling in the mechanism of LPS-induced STIM1 expression, we first silenced the NF-B protein p65/RelA in HLMVECs by transfecting HLMVECs with siRNA specific to p65/RelA. In this experiment, we observed that STIM1 protein expression in response to LPS was blocked in p65/RelA-siRNA-transfected cells compared with control cells or Sc-siRNA-transfected cells (Fig. 3B ). Next we observed that silencing of the NF-B protein p50/NF-B1 also prevented LPS-induced STIM1 expression in HLMVECs (Fig. 3C ). Consistent with these results, LPS potentiation of the thrombin-induced increase in SOCE was suppressed in HLMVECs after p65/RelA knockdown (Fig. 3D) , indicating that NF-B signaling is vital for the induction of STIM1 in HLMVECs in response to LPS.
Next we investigated the effect of p38 MAPK inhibition on STIM1 protein expression in HLMVECs. We pretreated HLMVECs with the p38 MAPK inhibitor SB203580 and challenged control (vehicle-treated) and SB203580-treated cells with LPS for different time intervals. Then the cells were used to determine STIM1 protein expression. LPS-induced STIM1 protein expression was reduced markedly in cells pretreated with SB203580 compared with vehicletreated control cells (Fig. 3E ). Next we examined the effect of inhibition of p38 MAPK on LPS-induced STIM1 expression and subsequent potentiation of thrombin-induced SOCE. In this experiment, we pretreated HLMVECs with LPS for 4 h in the presence and absence of SB203580, and then cells were used to measure thrombin-induced ER store Ca 2ϩ release and SOCE. We observed that SB203580 blocked LPS potentiation of SOCE in response to thrombin (Fig. 3F) .
LPS is known to activate the ERK and JNK signaling pathways (41) . Therefore, we investigated the possibility that ERK and JNK activation also contribute to LPS-induced STIM1 expression in HLMVECs. Here we used a pharmacological approach to prevent the activation of ERK and JNK in HLMVECs (42) . We observed that the ERK inhibitor PD98059 prevented LPS-induced ERK phosphorylation (Fig. 3G, top panel) but failed to inhibit LPS-induced STIM1 expression in HLMVECs (Fig. 3G, bottom panel) . Next, we observed that the JNK inhibitor SP600125 blocked LPSinduced JNK phosphorylation (Fig. 3H, top panel) but had no significant effect on LPS-induced STIM1 expression in HLMVECs (Fig. 3H, bottom panel) . These results suggest that the ERK and JNK signaling pathways are not involved in the mechanism of LPSinduced STIM1 expression in HLMVECs.
Because we observed that only the p38 inhibitor, but not ERK or JNK inhibitors, suppressed LPS-induced STIM1 expression in HLMVECs, we determined the effect of inhibition of p38 on LPS potentiation of the PAR-1-mediated increase in lung vascular permeability. In this experiment, we injected mice with SB203580 or left them untreated, followed by LPS challenge for 4 h, and then lung vascular liquid permeability (K f,c, ) was measured as above ( Fig. 2E ). We observed that LPS-induced STIM1 expression was reduced markedly in lungs from SB203580-injected mice compared with lungs from vehicle-injected mice (Fig. 4I, top panel) . Interestingly, SB203580 pretreatment prevented LPS potentiation of the PAR-1-mediated increase in K f,c, (Fig. 4I) . These results support the key role for p38 signaling in the mechanism of LPS-induced lung vascular leaks.
Using a pharmacological approach, we showed that p38 signaling is required for triggering LPS responses in endothelial cells. We have recently shown that the p38 MAPK isoforms p38␣, p38␤, and p38␥ are expressed in HLMVECs (10) . We also showed that silencing of p38␣ suppresses constitutive STIM1 expression in HLMVECs (10) . To determine which isoform of p38 is involved in LPS-induced STIM1 expression in HLMVECs, we first silenced p38␣ in HLMVECs by transfecting HLMVECs with siRNA specific to p38␣. In p38␣-siRNAtransfected cells, expression of p38␣, but not the other p38 isoforms under study (p38␤ and p38␥), was blocked (Fig. 4A, left  panel) . Interestingly, we observed that p38␣-siRNA transfection prevented LPS-induced STIM1 expression ( Fig. 4A, right panel) . Next we silenced p38␤ expression in HLMVECs (Fig. 4B, left  panel) and observed that p38␤ silencing had no significant effect on LPS-induced STIM1 expression ( Fig. 4B, right panel) . Similarly, we observed that silencing of p38␥ had no effect on LPS-induced STIM1 expression in HLMVECs (Fig. 4C) . Collectively, these results support the notion that p38␣ signaling plays a critical role in the mechanism of LPS-induced STIM1 expression in HLMVECs.
LPS Induces Binding of Transcription Factors NF-B and AP1 to the STIM1 Promoter-To gain insight into the transcriptional mechanism of LPS-induced STIM1 expression, we ana-lyzed the 5Ј-regulatory region of the human (h) STIM1 gene utilizing Genomatix software. We observed the presence of three putative NF-B binding sites at Ϫ172, Ϫ198, and Ϫ216 (NF-B1, 2, and 3, respectively) and one AP1 site (Ϫ347) upstream of the transcription start site in the hSTIM1 promoter ( Fig. 5A ). Interestingly, we also observed the presence of 
. Inhibition of NF-B or p38 MAPK activation prevents LPS-induced STIM1 expression in endothelial cells.
A, HLMVECs were preincubated with p38 MAPK inhibitor (10 M) for 30 min or NF-B inhibitor (5 M) for 12 h, and then cells were exposed to LPS for the indicated time periods. After LPS exposure, cells were used for quantitative real-time PCR to determine mRNA expression for STIM1 and ␤-actin. STIM1 mRNA induction fold was calculated by measuring the ratio of STIM1 to ␤-actin. Results are mean Ϯ S.E. of four experiments. *, p Ͻ 0.01 compared with cells treated with either p38 MAPK or NF-B inhibitor. B and C, HLMVECs transfected with control siRNA (Sc-siRNA, 100 nM), p65/RelA siRNA (100 nM), or p50/NF-B1 siRNA (100 nM). Left panels, cell lysates were used for immunoblotting (IB) to determine p65/RelA (B) or p50/NF-B1 (C) expression. Right panels, cells exposed to LPS for 0 and 6 h were used for immunoblotting to determine STIM1 or ␤-actin expression. Results are representative of at least two experiments. SE, short exposure; LE, long exposure. D, HLMVECs transfected with Sc-siRNA or p65/RelA-siRNA (100 nM). After LPS treatment, cells were used to measure thrombin-induced ER-stored Ca 2ϩ release and Ca 2ϩ releaseactivated Ca 2ϩ entry. Results are representative of at least two experiments. E, HLMVECs were preincubated with SB203580 (10 M) for 30 min, and then cells were exposed to LPS for the indicated time periods. After LPS treatments, cells were used for immunoblotting to determine STIM1 protein expression. Results are representative of three experiments. F, HLMVECs pretreated with vehicle (dimethyl sulfoxide) or SB203580 (10 M) for 30 min and then challenged with or without LPS for 4 h. After LPS treatment, cells were used to measure thrombin (Thr)-induced ER-stored Ca 2ϩ release and Ca 2ϩ release-activated Ca 2ϩ entry. Results are representative of two experiments. G, HLMVECs were preincubated with the ERK inhibitor PD98059 (40 M) for 30 min, and then cells were exposed to LPS for the indicated time periods. After LPS treatment, cell lysates were used for immunoblotting to determine ERK1/2 phosphorylation (top panel) or STIM1 expression (bottom panel). H, HLMVECs were preincubated with the JNK inhibitor SP600125 (20 M) for 30 min, and then cells were exposed to LPS for the indicated time periods. After LPS treatment, cell lysates were used for immunoblotting to determine JNK phosphorylation (top panel) or STIM1 expression (bottom panel). G and H, the numbers below the lanes indicate quantification of band intensity from two separate experiments presented as the ratio of phosphorylated ERK1/2 to total ERK1/2 or the ratio of phosphorylated JNK to total JNK. P/T, phospho/total. I, C57BL/6 mice pretreated with vehicle or the p38 inhibitor SB203580 were injected with LPS or saline as in Fig. 2E . Four hours after LPS or saline injection, lungs harvested were used for isolated lung preparation to determine lung vascular permeability (see details under "Experimental Procedures"). PAR-1 agonist peptide (pep, 30 M) was included in the perfusion buffer to assess the PAR-1-induced K f,c (n ϭ 5 mice/group). **, p Ͻ 0.001; control group versus LPS ϩ PAR-1 peptide group or dimethyl sulfoxide ϩ LPS ϩ PAR-1 peptide group versus SB203580 ϩ LPS ϩ PAR-1 peptide group. DMSO, dimethyl sulfoxide. . Left panel, after transfection, cells were used for immunoblotting (IB) to determine p38 isoform (p38␣, p38␤, and p38␥) expression. Right panel, after transfection, cells exposed to LPS for different time intervals were used for immunoblotting to determine the expression of STIM1, p38␣, and ␤-actin. B, HLMVECs transfected with the indicated concentrations of Sc-siRNA or p38␤-siRNA. Left panel, after transfection, cells were for immunoblotting to determine the expression of p38␤ and ␤-actin. Right panel, after transfection, cells exposed to LPS were used for immunoblotting to determine the expression of STIM1 and ␤-actin. C) HLMVECs transfected with the indicated concentrations of Sc-siRNA or p38␥-siRNA. Left panel, after transfection, cells were used for immunoblotting to determine the expression of p38␥ and ␤-actin. Right panel, after transfection, cells exposed to LPS were used for immunoblotting to determine the expression of STIM1 and ␤-actin. A-C, results are representative of at least two experiments. FIGURE 5. LPS induces p65/RelA, c-Fos, and c-Jun binding to the STIM1 promoter. A and B , the putative nucleotide sequence identified in the 5Ј-regulatory region of human (A) and mouse (B) STIM1 genes is shown. Nucleotides are numbered relative to the transcription start site as ϩ1. Potential consensus sequences for the transcription factors NF-B and AP1 are indicated in boldface and are underlined. C, D, and E, ChIP assay of the interaction of p65/RelA (C), c-Fos (D), and c-Jun (E) with the hSTIM1 promoter. Primers specific to the NF-B binding sites 1-3 and AP1 binding sites were used to perform quantitative PCR (see details under "Experimental Procedures"). HLMVECs exposed to LPS (1 g/ml) for 0, 30, 60, and 120 min were used for the ChIP assay. Results are mean Ϯ S.E. of four experiments. Results were normalized to those of input DNA and are presented relative to basal values. C, *, p Ͻ 0.01, 0 min versus 30 min; **, p Ͻ 0.001, 0 min versus 60 min. D, *, p Ͻ 0.01, 0 min versus 60 or 120 min; **, p Ͻ 0.001, 0 min versus 30 min. E, **, p Ͻ 0.001, 0 min versus 30 min.
binding sites for the transcription factors NF-B and AP1 in the 5Ј regulatory region of the mouse (m) STIM1 gene (Fig. 5B ). To address whether LPS induces the binding of transcription factors NF-B and AP1 to the hSTIM1 promoter, we performed ChIP assays. HLMVECs exposed to LPS for different time intervals were used for ChIP assays. LPS induced time-dependent binding of the NF-B protein p65/RelA to the hSTIM1 promoter in HLMVECs (Fig. 5C ). The binding of p65/RelA to the hSTIM1 promoter was ϳ6-fold higher than basal levels 60 min after LPS challenge and returned to basal levels 120 min after LPS challenge (Fig. 5C ). LPS also induced the binding of the AP1 components c-Fos and c-Jun to the hSTIM1 promoter in HLMVECs (Fig. 5, D and E) , and the binding was maximal 30 min after LPS stimulation (Fig. 5, D and E) . These results suggest that LPS activates transcription factors NF-B and AP1 to induce STIM1 transcription in ECs.
p38␣ Signaling Downstream of TLR4 Mediates c-Fos Expression to Induce STIM1 Expression in Endothelial Cells-We showed above that silencing of NF-B proteins (p65/RelA or p50) or p38␣ prevented LPS-induced STIM1 expression in HLMVECs. Furthermore, we showed that LPS induced the binding of the NF-B and the immediate early genes c-Fos and c-Jun, the components of activator protein 1 (AP1), to the STIM1 promoter in HLMVECs. To determine whether c-Fos and c-Jun signaling is essential for STIM1 expression in response to LPS, we first silenced c-Fos expression in HLMVECs. In c-Fos siRNA-transfected cells, basal as well as LPS-induced c-Fos expression was reduced markedly in HLMVECs (Fig. 6A ) compared with control or Sc-siRNAtransfected cells (Fig. 6A) . Interestingly, we observed that LPS-induced STIM1 expression was also prevented in c-Fos-siRNA-transfected cells (Fig. 6A ). Next we silenced c-Jun expression and verified that c-Jun expression was nearly eliminated compared with control cells or cells transfected with Sc-siRNA ( Fig. 6B) . Surprisingly, we observed that LPS-induced STIM1 expression was not reduced significantly in c-Jun-siRNA-treated cells compared with controls ( Fig. 6B) . These observations suggest that c-Fos, but not c-Jun signaling plays a dominant role in LPS-induced STIM1 transcription in HLMVECs.
p38 MAPK signaling activates the AP1 transcription factor (41, (43) (44) (45) . Because we observed that suppression of p38␣ expression in HLMVECs prevented LPS-induced STIM1 expression, we investigated the possible role of LPS-induced p38␣ activation in mediating the induction of AP1 components in HLMVECs. In this experiment, we silenced p38␣ expression in HLMVECs and then measured the expression of c-Fos and c-Jun. Interestingly, silencing of p38␣ inhibited LPS-induced c-Fos but not c-Jun expression ( Fig. 6C) . In fact, c-Jun expression was increased in p38␣ knockdown cells (Fig. 6C ). This observation is in agreement with previous reports suggesting that p38␣ negatively regulates c-Jun (46, 47) . Because we observed that NF-B signaling is required for LPS-induced STIM1 expression, we determined whether NF-B signaling is required for LPS-induced c-Fos expression in HLMVECs. We observed that silencing of p65/RelA had no effect on c-Fos expression in HLMVECs (Fig. 6D) , indicating that p38␣, but not NF-B, signaling controls c-Fos expression in HLMVECs.
Next we investigated whether p38␣ signaling is required for the activation of c-Fos. We observed that LPS induced time-dependent phosphorylation of c-Fos at Thr-325 in control and Sc-siRNA-transfected cells (Fig. 6E) , whereas, in p38␣ knockdown cells, this response was blocked (Fig. 6E) . To investigate the possible loss of c-Fos expression, we pretreated HLMVECs with the p38 inhibitor SB203580 for 5 min and then stimulated the cells with LPS. We observed that LPS-induced c-Fos phosphorylation was largely eliminated in SB203580-treated cells without loss of c-Fos expression ( Fig. 6F) . Collectively, these results indicate that p38-mediated c-Fos expression and activation is required for STIM1 expression in endothelial cells.
DISCUSSION
Sepsis associated with acute lung injury is a common cause of death in hospitalized patients (1) (2) (3) (4) (5) . Acute lung injury is, in large part, the result of lung vascular leaks and protein-rich pulmonary edema (1, 48) . However, the signaling switch that mediates lung vascular leaks during sepsis is defined poorly. We have shown previously that Ca 2ϩ entry through SOCs regulates lung vascular barrier function (6, 7) . We have also shown that the edema-inducing factor thrombin, which is generated during sepsis at abnormal levels in the vascular system (28 -32) , can induce Ca 2ϩ entry through activation of TRPC1 and TRPC4 in the endothelial cells to cause vascular barrier dysfunction (7) (8) (9) (10) 21) . In addition, we showed that inflammatory mediators induce the expression of TRPC1 in human vascular ECs via NF-B activation (9, 18) . Increased TRPC1 expression has been associated with augmented SOCE and permeability increase in human ECs. Recent studies from our laboratory have shown that the ER-localized Ca 2ϩ -sensing protein STIM1 is crucial for activating SOCE in ECs (10, 21) . Importantly, it has been shown recently that endotoxin-induced lung vascular leaks and injury responses were suppressed in endothelial cell-restricted STIM1 knockout mice (27) , suggesting that endothelial STIM1-mediated Ca 2ϩ entry (i.e. SOCE) plays a vital role in the mechanism of sepsis-induced lung vascular leaks. However, whether STIM1 expression is increased during sepsis and whether the increased STIM1 expression in ECs contributes to the abnormal lung vascular leaks was not known. To address these questions, we utilized in vitro and in vivo experimental models and showed that endotoxin induced the expression of STIM1 in both human and murine lung ECs. We also showed that endotoxin induced the expression of the SOC components TRPC1, TRPC4, and Orai1 channels in ECs. In addition, we observed that endotoxin-induced expression of STIM1 and SOC components was associated with augmented PAR-1-mediated endothelial permeability both in vitro and in vivo, indicating that increased STIM1 expression-mediated SOCE may signal the lung vascular hyperpermeability associated with sepsis-induced acute lung injury.
The current paradigm is that inflammatory mediators such as endotoxin and TNF-␣ trigger inflammatory responses through the up-regulation of inflammatory genes by activating the NF-B and p38 MAPK signaling pathways (13) (14) (15) (16) 49) . Because STIM1 is crucial for activating SOCE in ECs, we investigated whether activation of both the NF-B and p38 MAPK pathways downstream of TLR4 is required for STIM1 expres- . p38␣-mediated c-Fos expression is required for LPS-induced STIM1 expression. A, HLMVECs were transfected with control siRNA (Sc-siRNA) or c-Fos-siRNA (100 nM). After transfection, cells were exposed to LPS (1 g/ml) for 0, 2, 4, and 6 h. After LPS treatment, cells were used for immunoblotting to determine STIM1, c-Fos, and ␤-actin expression. The experiment was repeated three times, and the results are mean Ϯ S.E. (center and bottom panels). *, p Ͻ 0.05; **, p Ͻ 0.001; significantly different from control cells not stimulated with LPS. B, HLMVECs transfected with control siRNA or c-Jun-siRNA (100 nM). After siRNA transfection, cells exposed to LPS as above were used for immunoblotting to determine STIM1, c-Jun, and ␤-actin expression. The experiment was repeated three times, and results are mean Ϯ S.E. (center and bottom panels). N.S., not significant; *, p Ͻ 0.05; **, p Ͻ 0.001; significantly different from control cells not stimulated with LPS. C, HLMVECs transfected with control siRNA or p38␣-siRNA (100 nM). After transfection, cells exposed to LPS were used for immunoblotting to determine c-Fos, c-Jun, and ␤-actin expression. The experiment was repeated three times, and results are mean Ϯ S.E. (center and bottom panels). *, p Ͻ 0.05; **, p Ͻ 0.001; significantly different from control cells not stimulated with LPS. D, HLMVECs transfected with control siRNA or p65/RelA-siRNA (100 nM). After transfection, cells exposed to LPS as above were used for immunoblotting to determine c-Fos and ␤-actin expression. Results are representative of at least two experiments. E, HLMVECs transfected with control siRNA or p38␣-siRNA (100 nM). After transfection, cells were exposed to LPS (1 g/ml) for 0, 15, 30, and 60 min. After LPS exposure, cells were used for immunoblotting with antibodies specific to phospho-c-Fos or total c-Fos. Experiments were repeated three times, and results are mean Ϯ S.E. (center and bottom panels). *, p Ͻ 0.01, significantly different from control cells not stimulated with LPS. F, HLMVECs were pretreated with the p38 inhibitor SB203580 (10 M) for 5 min or left untreated, and then cells exposed to LPS as above were used for immunoblotting with antibodies specific to phospho-c-Fos or total c-Fos. The numbers below the lanes indicate quantification of band intensity from two separate experiments presented as the ratio of phosphorylated c-Fos to total c-Fos. sion in ECs. We observed that pharmacological inhibition of either NF-B or p38 MAPK prevented LPS-induced STIM1 expression and subsequent PAR-1-mediated SOCE. We also observed that pharmacological inhibition of p38 in vivo blocked LPS potentiation of the PAR-1-mediated increase in lung vascular permeability. Further, we showed that knockdown of either NF-B (p65/RelA or p50/NF-B1) or the p38 MAPK isoform p38␣ prevented LPS-induced STIM1 expression in ECs. These findings support the postulation that cooperative signaling of both NF-B and p38␣ is required for the expression of STIM1 in response to LPS challenge in ECs.
It has been shown recently that the serum and glucocorticoid-inducible kinase SGK1 controls constitutive STIM1 transcription via NF-B signaling in bone marrow-derived mast cells (50) . However, the transcriptional mechanism of STIM1 expression in response to inflammatory stimuli in ECs was not studied. Therefore, we analyzed the STIM1 gene sequence and found consensus binding sites for the transcription factors NF-B and AP1 in the 5Ј regulatory regions of both human and mouse STIM1 genes. Because LPS can activate both transcription factors (NF-B and AP1), we performed ChIP assays to determine whether these transcription factors bind to the STIM1 promoter in response to LPS. LPS induced the binding of the NF-B protein p65/RelA to the hSTIM1 promoter in a time-dependent manner. Maximal binding was observed 60 min after LPS stimulation in HLMVECs. This observation is in agreement with our finding that silencing of either the NF-B protein p65/RelA or p50/NF-B1 prevents LPS-induced STIM1 expression in HLMVECs. LPS also induced the binding of the AP1 components c-Fos and c-Jun to the hSTIM1 promoter in HLMVECs. Both c-Fos and c-Jun binding to the STIM1 promoter reached peak levels within 30 min of LPS challenge, indicating that the early binding of AP1 to the STIM1 promoter may recruit or facilitate NF-B binding to NF-B sites on the STIM1 promoter to initiate transcription. We also confirmed the role of AP1 in mediating STIM1 transcription utilizing knockdown experiments. Here we observed that loss of c-Fos expression prevented LPS-induced STIM1 expression in HLMVECs, whereas the loss of c-Jun expression had no significant effect on LPS-induced STIM1 expression in HLMVECs, indicating that c-Fos could replace c-Jun in inducing STIM1 expression in ECs. Importantly, silencing of either NF-B or AP1 prevented LPS-induced STIM1 expression in HLMVECs. Collectively, these results support the proposal that binding of transcription factors NF-B and AP1 to the STIM1 promoter is essential for STIM1 transcription in response to LPS in ECs.
Expression of four different p38 MAPK isoforms (MAPK14 (p38␣), MAPK11 (p38␤), MAPK12 (p38␥), and MAPK13 (p38␦)) have been identified in mammalian cells (51) . In recent studies, we reported the expression of the p38␣, p38␤, and p38␥ isoforms in HLMVECs (10) . In this study, we also report that SOCE-mediated p38␤ activation induced STIM1 phosphorylation, which, in turn, inhibited SOCE in HLMVECs (10) . Furthermore, we reported that silencing of the p38 MAPK isoform p38␣ markedly reduced constitutive STIM1 expression in HLMVECs (10). Here we observed that endotoxin-induced STIM1 expression was also prevented in p38␣ knockdown HLMVECs, suggesting that p38␣ signaling is required for endotoxin-induced STIM1 transcription. Mounting evidence suggests that p38 MAPK signaling may control inflammatory gene transcription through chromatin remodeling by inducing histone 3 (H3) phosphorylation at Ser- 10 (14) . This event could increase the accessibility of transcription factors to their binding sites in the promoter regions of a subset of genes, including c-Fos (14, 45) . Therefore, to delineate the role of p38␣ signaling in the mechanism of LPS-induced STIM1 expression, we silenced p38␣ expression and measured c-Fos expression in response to LPS in HLMVECs. Interestingly, we observed that p38␣ silencing prevented c-Fos expression under basal conditions and in response to LPS challenge. In contrast to c-Fos expression, c-Jun expression was increased in p38␣-silenced HLMVECs. Collectively, these results support the concept that p38␣ signaling induces STIM1 expression through the AP1 component c-Fos in HLMVECs.
In summary, we showed that bacterial endotoxin induced the expression of STIM1 and its interacting channel proteins TRPC1, TRPC4, and Orai1 in both human and mouse ECs. The increased expression of these of proteins was associated with augmented PAR-1-mediated permeability responses. Importantly, we showed that NF-B activation and p38␣-mediated c-Fos expression in response to endotoxin contribute to STIM1 transcription in lung vascular ECs, setting the stage for endothelial Ca 2ϩ overload and resulting vascular leaks induced by mediators such as thrombin.
